Criteria for evaluating mathematical software packages and the results of a recent comparison of such packages are briefly reviewed. A benchmark problem that was developed based on the results of this comparison is presented. This problem can be used in various courses, representing various levels of knowledge in chemical process analysis, mathematical modeling and numerical methods where the solution is achieved using the software most appropriate to the objectives of the particular course. This work demonstrates and illustrates the conclusion that the most educational benefits can be gained by using several packages throughout the chemical engineering curriculum. The software that is most appropriate for a particular course must be determined according to the course objectives and the previous exposure of the students to mathematical models, numerical algorithms and computer programming.
INTRODUCTION
Numerical software is routinely and extensively used for problem solving in recent years in some of the core chemical engineering courses ( the "process dynamics and control" and "chemical reaction engineering" courses, for example), but in many of the courses the use of computers is still disappointingly low. This may contribute to the finding that the number of practicing engineers who use numerical software for process design is below 10% as was found in a recent survey (Davis et al., 1994) .
This underutilization of computers and numerical solution packages in some of the ChE courses has been attributed to the following (Shacham et al., 1996) : The examples and homework problems given in many of the textbooks are retained from the precomputer era, and thus they can be solved either with or without a computer. These problems do not encourage educators and students to use numerical software. Furthermore, most departments typically select one numerical computation package to be used by their students, and this package may be inappropriate for use in a particular course. It may even be too difficult to be used by the less computer-literate students.
The departmental computer expert typically does the identification of a package for general departmental use. Often this expert will select the package that is the most powerful, most flexible, and gives the user the widest range of options. Typically some research usage has been given strong emphasis. However, other attributes of the package may be more important for educational use by undergraduates. The package must have enough capabilities to solve most problems encountered in a particular course and it should serve properly the objective of the course. Serving the objective of the course means that the effort spent in learning to use and using the package for achieving the course objectives should be minimized. This requirement puts more emphasis on user friendliness and shorter learning curve than on the power and the options provided by the software. Cutlip and Shacham (1999) have published recently a book entitled Problem Solving in Chemical Engineering with Numerical Methods that contains examples and homework assignments that require the use of computer for their solution for most required chemical engineering courses. The examples and assignments in this book demonstrate for the students and instructors the benefits of the use of the software packages in solving realistic engineering problems.
Criteria for comparing mathematical software for educational use has been developed Cutlip, 1998) . Ten representative problems from various required Chemical Engineering courses were selected and this set of problems was solved using six numerical software packages including Excel, MAPLE, MATHCAD, MATLAB, MATHEMATICA, and POLYMATH. Details of some comparisons are given by Shacham and Cutlip, 1998. The main conclusion from this comparison was that there is no single package which is the best for all the courses, but the most appropriate package must be selected according to the objectives of the course and the students previous exposure to mathematical models, numerical algorithms and computer programming.
This paper reviews the set of benchmark problems and the software evaluation criteria used by Cutlip et al. (1998) and Shacham and Cutlip (1998) for comparison of mathematical software packages. A benchmark problem, which was developed based on the results of the comparison conducted by Cutlip et al. (1998) , is presented. This problem can be used in various courses, representing various levels of knowledge in chemical process analysis, mathematical modeling and numerical methods where the solution is achieved using the most appropriate software so as to attain the objectives of the particular course.
The set of benchmark problems of Cutlip et al. (1998) , which was developed for evaluation of software packages, is shown in Table 1 . Within this set there are representative problems from almost every required course in a typical chemical engineering curriculum. This problem set has been solved with six software packages. The CACHE Corporation provides this problem set as well as the individual package write-ups and problem solutions files for downloading from the Internet at http://www.che.utexas.edu/cache/. EVALUATION Shacham et al. (1998) and Shacham and Cutlip (1998) 
SELECTING THE APPROPRIATE SOFTWARE BASED ON COURSE OBJECTIVES
Our work and experience with mathematical software, as well as the results of the comparison that was described in the previous sections, has lead us to conclude that the most educational benefit can be gained by using several packages throughout the curriculum. The software that is most appropriate for a particular course must be determined according to the course objectives and the students previous exposure to mathematical models, numerical algorithms and computer programming. The software selection procedure will be demonstrated in reference to a homework assignment that is outlined below. The complete paper including the problem statement and detailed solutions are available on the Internet at http://www.polymath-software.com/papers/.
RIGOROUS DISTILLATION CALCULATIONS BY THE WANG AND HENKE METHOD -PROBLEM DEFINITION
Numerical Methods. Solution of a single nonlinear algebraic equation, solution of systems of linear algebraic equations.
Concepts used. Calculation of bubble point temperature for a multicomponent mixture. Material and energy balance on an equilibrium stage. Use of the Wang and Henke method for rigorous distillation calculation.
Course (and Software) Usage. (I) Basic Principles and Calculations (Excel, POLYMATH), (II) Separation Processes (Excel, POLYMATH, HYSIS), (III) Process Modeling and Simulation (Matlab, HYSIS)
Problem Statement. A simple distillation column with three theoretical stages is used to separate n-hexane (1) and noctane (2). Feed with flow rate of F (kgmol/hr) and composition of z 1 and z 2 (mole fractions) enters the column at its bubble point on tray No. 2. The column's operating pressure is P (mmHg). A total condenser is used and the amount of heat added to the reboiler is Q (kcal/hr). Distillate is removed at the rate of D (kgmol/hr).
The vapor-liquid equilibrium ratios (k j ) can be calculated assuming ideal solutions, thus k j = P j /P, where P j is the vapor pressure of component j. The vapor pressure of a pure component is calculated from the Antoine equation:
where P j is the vapor pressure (mmHg), t is the temperature (°C) and A j , B j and C j are constants characteristic for component j. The molar enthalpies of pure liquid (hj, kgcal/mol) and pure vapor (Hj, kgcal/mol) can be calculated from equations (2) and (3) h j = al j *t
H j =av j +bv j *t+cv j *t 2
where t is the temperature (°C) and al j , av j , bv j , and cv j are constant.
Problem Questions 1a. Use the specified data and the estimates for vapor, liquid flow rates, and liquid compositions (Tables 1A  1 to  5A 1 ) to calculate the bubble point temperatures of the feed, condenser, and stages 1, 2, and 3. Carry out enthalpy balances on stages 1, 2, and 3.
1b. Repeat the calculations using the estimates for vapor and liquid flow rates, and liquid compositions that are given. Explain the differences in the enthalpy balance discrepancies between 1a and 1b.
2. Carry out one iteration of the Wang and Henke method using the given data and the initial estimates for vapor flow rates and the stage temperatures that are provided.
3. Solve the distillation column problem using the Wang and Henke method using the given data and initial estimates. The criteria for stopping the iterations: ||V k+1 -V k ||<1e-5 and ||t k+1 -t k ||<1e-5, where k is the number of the iteration, V is the vector of the flow rates and || ⋅ || indicates Euclidean norm.
4. Investigate the effects of changing the column pressure and the heat added in the reboiler on the n-hexane recovery. This assignment involves calculation of the flow rates and compositions of the various streams as well as stage temperatures for a simple three-stage distillation column, for a binary mixture using the Wang and Henke method. This method essentially involves the following steps:
Step 1. Assume temperatures (T j ) and vapor flow rates (V j ) for the various stages of the column.
Step 2. Calculate liquid flow rates and liquid compositions (x j ) based on the current T j and V j values using material balance equations. Normalize x j .
Step 3. Calculate bubble point temperatures for the various stages using the normalized x j values and calculate the enthalpies of the various streams using these temperatures.
Step 4. Carry out enthalpy balance on the various stages. Change the vapor flow rates to eliminate discrepancy in the enthalpy balances.
Step 5. Use the calculated bubble point temperatures as new T j estimates and the calculated vapor flow rates as new estimates for V j . Return to step (2) if the discrepancy between the estimated and calculated values is too large.
This assignment can be used in several courses including Basic Principles and Calculations, Separation Processes and Process Modeling and Simulation. The objectives of these courses vary, and consequently the assignments and the recommended software must be carefully considered.
I. Basic Principles and Calculations Course
This is a basic course in which the students first learn material and energy balances, and they probably do not have any previous exposure to mathematical modeling and numerical methods. The iterative procedure of the Wang and Henke method can be too difficult for them to grasp at this stage of their educational development. This may also be the case for the detailed material balances on the three-stage column. An appropriate assignment in this course can be providing the students the flow rates and compositions of the various streams and asking them to calculate liquid bubble point temperatures and carry out enthalpy balances on the various stages. This assignment is presented in problem questions 1a and 1b. This assignment can be solved using either POLYMATH or a spreadsheet program such as Excel. Calculation of the bubble point temperatures involves solution of a single non-linear algebraic equation which can be accomplished using the Nonlinear Equation Solver of POLYMATH or the "Goal Seek" option of Excel, without the need to be familiar with the numerical methods.
In Figure 1A 1 , the data and solutions of question 1a are presented as obtained with Excel. Most students in the advanced stages of a "Basic Principles and Calculations" course should arrive at the correct solution using Excel or POLYMATH without major difficulties. The report of the numerical results can be well organized and presented clearly by Excel, as shown in Figure 1A 1 . The major weakness of the spreadsheet programs is the unsatisfactory documentation of the equations used for solution. Figure 2A   1 shows most of the equations that were used for calculating bubble point temperatures, enthalpies and enthalpy balances. The need to convert variable names to cell addresses makes this documentation very difficult to read and consequently difficult to debug. This essentially limits the practical use of spreadsheets for solution of simple mathematical models only, in chemical engineering applications.
In Figure 3A 1 the POLYMATH input for calculating bubble point temperature and liquid and vapor molar enthalpies for one equilibrium stage is shown. The POLYMATH input can be very conveniently used for documentation and debugging because the equations used essentially retain their mathematical form and the variable names may remain unchanged. This makes POLYMATH especially suitable for courses where the course objectives do not include learning of computer programming and/or numerical methods.
II. Separation Processes
The objectives of this course typically include learning various techniques for calculations involving staged processes and investigating behavior of such processes when changing operating conditions. Questions 2 and 4 can be useful in such a course. Question 2 involves carrying out a single Wang and Henke iteration using the data provided in Tables 2A   2   and 5A 2 . Solution of this question includes carrying out all the steps of the Wang and Henke algorithm shown previously, except the repetition of the iterations until convergence. Question 2 can be solved with either POLMATH or Excel. Figure 4A 2 shows the POLYMATH input for material balance on the three stages of the column, for the first component. While this material balance yields a system of three simultaneous linear equations it is preferable to solve it using POLYMATH's non-linear equation solver program because it provides more detailed and clear documentation of the equations used. The complete solution of question 2, using POLYMATH, involves solution of two sets of material balance equations (as shown in Figure 4A 2 ), five bubble point temperature and enthalpy calculations (as shown in Figure 3A 2 ) for the tree stages, condenser, and the feed stream, and enthalpy balance. Because of the limit on the number of equations in POLYMATH (maximum number of equations is 32 for one input file), the complete set of equations cannot be entered into one file. Consequently, the iterative solution of the distillation column (as requested in question 3) is too cumbersome and time consuming if POLYMATH is used. Excel is also inappropriate for this purpose. Question 4 involves parametric study of the distillation column behavior under different operating conditions. The most appropriate software for solving this question in a "Separation Processes" course where programming and numerical methods are not among the course objectives is a process simulation program such as Hysis or Aspen.
III. Process Modeling and Simulation
This is the course where students typically learn various techniques for simulating unit operations including distillation columns. The subject matter includes also learning numerical methods for solving steady state and unsteady state models. To enable the students to carry out modeling and simulation of complex unit operations, programming is essential. Question 3 involves iterative solution of the material and energy balance equations of the distillation column using the Wang and Henke method. Matlab, for example, can be used for solving this question. The script file "distil.m" shown in Appendix B is used to solve this question. The final results obtained by this program are shown in Table 4A 2 as "refined estimates". Note that the script file "distil.m" uses additional functions for calculating vapor liquid equilibrium k values, bubble point temperatures and vapor and liquid molar enthalpies. These functions are not shown in Appendix B. convenience in which complex matrix operations can be carried out as well as the subprograms and toolboxes that are provided for various purposes that can save a lot of programming. Because it enables students to solve complex modeling and simulation assignments, Matlab is an appropriate package for the "Process Modeling and Simulation" course. For demonstration of simple models POLYMATH and Excel can also be useful. Commercial process simulators should be used for simulation and parametric studies of complete processes or complex unit operations. CONCLUSIONS This work demonstrates that several mathematical packages should be used throughout the undergraduate curriculum in order to obtain the most benefits from the use of mathematical software packages in the undergraduate chemical engineering education. If there is a need to solve mathematical models in a particular course without consideration of the technical details of the solution (numerical methods and programming), mathematical software packages such as POLYMATH can be the most beneficial. 
